Since the discovery of auxins as growth regulators of plant stems, many studies have been accumulated on the growth of stem in connection with auxin action. However, attention of investigators has generally been directed almost to extension growth, i.e. increase in length of the stem, but not to thickening growth or increase in thickness. Although, the thickening of stems has been dealt with by some investigators including Snow, Soding, and Avery et al. (refer to Sodingi), and Meyer and Ander-son2)), their studies have been restricted to the secondary thickening growth in connection with the cambium activity of stems, and no information is available on the control of a primary thickening in stems by a growth substance or substances.
Since the discovery of auxins as growth regulators of plant stems, many studies have been accumulated on the growth of stem in connection with auxin action. However, attention of investigators has generally been directed almost to extension growth, i.e. increase in length of the stem, but not to thickening growth or increase in thickness. Although, the thickening of stems has been dealt with by some investigators including Snow, Soding, and Avery et al. (refer to Sodingi), and Meyer and Ander-son2)), their studies have been restricted to the secondary thickening growth in connection with the cambium activity of stems, and no information is available on the control of a primary thickening in stems by a growth substance or substances.
In the shoot of plants the apical meristem produces young cells. The cells, being at first very small, show an increase in size. If the increase takes place in the longitudinal direction, this process results in extension growth of the stem, and if in the lateral direction, an increase in thickness of the stem appears. It has been established that the former process is regulated by auxins, whereas no substance is thus far known that controls the latter, although it is probable that a substance or substances control the increase in cell size in the lateral direction of the stem. The present paper describes that kinetin exerts in the pea stem such an action as the presumable substance in the presence of indoleacetic acid (IAA).
Experimental
As the material stem and petiole segments of Pisum sativum L. var. Alaska were used. The seedlings were cultivated in pots containing field soil in a greenhouse at 15-25°. The seedlings were harvested when their petioles attached to the sixth nodes were upright, the leaflets of the sixth leaf were not completely unfolded, and the sixth internode did not appear yet. A single segment of 5.2 mm. in length was cut from the fifth internode ca. 5 mm. below the apical node and from the middle portion of the uppermost petiole. Two leaf discs, 5.0 mm. in diameter and not including the midrib, were punched out with a corkk borer from one leaflet. The stern segment from the seventh internode was likewise prepared when the internode was at the same growth stage as that of the above-mentioned fifth internode. All these materials were at a stage of vigorous growth. More detailed description on the materials was presented in the previous paper3).
The three sorts of materials thus prepared were floated on 10 ml. of culture medium for incubation. In the case of leaf discs care was taken to place the discs upper surface up. As the medium, was used Boysen-Jensen's culture solution containing 2 per cent sucrose with or without the addition of IAA, kinetin or the combination of the two. The incubation was performed for 18 hours under about 1,000 lux at 25°. The illumination was supplied by white fluorescent tubes (Toshiba Co.).
After the incubation, measurements were made of the length, diameter and fresh * Biological Laboratory, Musashi University, Nerima• ku, Tokyo, Japan.
weight of the segments, and of the area and fresh weight of the leaf discs. The length and diameter of the segments were determined with a low power binocular microscope, and the fresh weight, with a micro-torsion balance.
The area of leaf discs was estimated from weight of cut shadow graphs on uniform printing paper.
For microscopic observation, 6 stem segments of average size were selected from each of the treated and control lots as well as from the materials before incubation and were fixed in FAA, dehydrated in tertiary butyl alcohol series and embedded in paraffin according to Sass's text-book4).
Serial cross sections, 15 p in thickness, were prepared and were stained with Heidenhain's iron haematoxylin.
This dehydration method was recommended as an ideal one causing only a very small shrinking of samples.
Results

IAA-induced increase in length of the stem and petiole segments is inhibited by the addition of kinetin.
As seen from Fig. 1 and Fig. 2 , this inhibition by kinetin increases with the increasing concentration of kinetin and, in the stem, almost completely nullifies the action of 10 ppm IAA (the optimum concentration for the extension growth) at concentrations above 0.3 ppm of kinetin. Although in the petiole the maximum inhibition is smaller than in the stem, a similar trend is observed in the curves.
This antagonism of kinetin and IAA in the extension growth is quite in agreement with de Ropp's results) obtained with the fragments of Helianthus hypocotyl. The increase in fresh weight which occurs as a result of the IAA application, on the other hand, is not inhibited by kinetin even at 0.3 ppm, a concentration high enough to abolish the IAA-induced increase in length.
When a fresh weight per unit length of stem segments is computed, it is easily found to be much larger in IAA-kinetin-treated segments than in IAA-treated or in kinetin-treated ones (Fig. 4 ). The increase in fresh weight per unit length probably means that the thickening of the segments took place.
The direct determination of the diameter of the stem manifests, as shown in Fig. 5 , that an increase in thickness is really caused.
The optimum concentration of kinetin is 0.3 ppm at the dose of 10 ppm IAA, and at concentrations above 0.3 ppm the effect of kinetin rather decreases.
To be noted especially is that in the absence of IAA this effect of kinetin is never observed and kinetin requires IAA to induce the thickening growth of the stem. Fig. 6 demonstrates that this effect of kinetin and IAA is reproduced in the petiole segments as well. In Fig. 7 the photographs of the kinetin-IAA-treated and untreated stem segments are shown. The growth in thickness of the stem and petiole segments is slightly brought about by IAA alone, but when kinetin which is quite ineffective in itself is added together with IAA, a remarkable increase in the thickness is obtained.
IAA and kinetin act antagonistically on the elongation, but synergistically on the thickening of stem and petiole. This fact suggests that the stem and petiole have different properties for growth between the longitudinal and transverse directions.
The expansion of leaves is stimulated by either kinetins 7 8) or IAA3). A synergism between these substances has been also reported in the expansion of radish leaf discs9). As shown in Table 1 , the corresponding result was obtained in the pea leaf discs, too. In this experiment IAA was added at 10 ppm, the optimum concentration for the expansion of the leaf discs3). Even when solely applied, kinetin is effective.
This can be considered, judging from the result obtained with the thickening of the stem segments, that kinetin exerts the action in combination with endo-Figs. 1, 2. Effect of kinetin on the IAA-induced increase in length of the stem and petiole segments. Fig. 3 . Effect of kinetin on the increase in fresh weight of the stem segments in the presence and absence of IAA. The initial fresh weight of a stem segment is 6.41 mg. Fig. 4 . Effect of kinetin on the increase in fresh weight per unit length of the stem segments in the presence and absence of IAA. The initial fresh weight per unit length of a stem segment is 1.23 mg. Figs. 5, 6. Effect of kinetin in the presence and absence of IAA on the increase in diameter of the stem and petiole segments.
Their initial diameters are 1.28 and 1.12 mm., respectively. Figs. 1-6 .
The solid and broken lines indicate the data in the presence and absence of IAA, respectively.
IAA concentration administered was always 10 ppm. The incubation was made for 18 hours under ca. 1,000 lux white fluorescent light at 25°. Using the microscope equipped with a micrometer the diameter and the number of cell layers along the diameter of the treated segments were determined in comparison with those of control and those before incubation. In the case of the segments from the seventh internodes the distance from the epidermis to the innermost layer of the pith and number of layers of cells therein were adopted for measurement, since the segments have the pith-cavity in the centre.
As seen in Fig. 8 , the cross section of the stem is a square with large vascular bundles in the corners.
The measurement was carried out through the interfascicular region as indicated by the line in the figure.
To the microscopic observation six stem segments were submitted from each lot, and of the serial sections of each segment were examined the following ten sections :
3 sections from the part near one end of the segment, 3 sections from the part near D and E; the cross sections of the seventh internode.
In A and D the enlargement of the cells of epidermis, cortex and pith is remarkable.
The concentrations of IAA and kinetin administered were 10 and 0.3 ppm, respectively.
The incubation was made for 18 hours under ca. 1,000 lux white fluorescent light at 25°.
The data of the microscopic examination are shown in Table 2 . As seen from the table, the thickness of the stem, expressed in terms of the diameter, increases during the 18 hour incubation period even in the control segments, but in the kinetin-IAA-treated segments the increase in thickness is much more remarkable.
As is observed in Fig. 8 , the epidermis, cortex and pith take part in the thickening.
The number of the cell layers, on the other hand, changes during the experimental period neither in the treated nor in the control segments as compared with that of the segments before incubation.
Furthermore, no microscopical figure of cell division was seen throughout the section.
The above observations indicate that no appreciable number of cell division took place in the incubation period of 18 hours. These findings are the case in the segments not only from the fifth internode but also from the seventh one. Accordingly it is concluded that the increase in thickness of the kinetin-IAA-treated stem segment is, under these experimental conditions, due to an increase in cell size but not in cell number.
Discussion and Conclusion
It was found that pea stem and petiole segments responded to a simultaneous treatment of kinetin and IAA, though not to either of them alone, by an increase in thickness, without any detectable amount of cell division. This is the first* report that the primary thickening of the stem is induced by growth substances.
Jablonski and Skoogii) and Naylor et al.12) have reported that in tobacco pith culture IAA brings about a cell enlargement entirely unaccompanied by cell division. Thereafter, the Wisconsin group including Skoog and Miller has found"-") that the addition of kinetin together with IAA to the culture induces cell division.
These reports seem to be in discrepancy with the present result. However, if it is considered that they used isolated pith tissues and moreover cultured them as long a period as 3 to 24 days, the above seeming discrepancy in results may be readily explained.
In addition Kuraishi and Okumura have reported7) that the promotion of leaf growth by kinetin is ascribed to cell enlargement.
It can be assumed that kinetin has two aspects of action such as cell enlargement and cell division. To be considered here is the question whether the aspect of the thickening mentioned above really exists in normal plants, under the natural conditions. Esau states17), referring to the work of Troll and Rauh with herbaceous dicotyledons, that the primary thickening of the axis occurs through cell division and cell enlargement. In dicotyledons and gymnosperms this growth may be rather diffuse, or more or less restricted to the pith or cortex.
Ball has found") with the stem of Lupinus albus L. that an increase in diameter of the pith which is associated with a thickening of the subapical region of the stem is brought about mainly by an increase in cell size, and an increase in cell number is somewhat less important as a cause of the thickening. These findings evidence that such an aspect of the thickening of stems as due to the increase in cell size really forms an integral part of the process of stem growth.
In fact the region of the stem from which the segment has been excised in the present experiment is in situ in the state of thickening growth as well as of extension growth.
When it is excised and cultured on the medium containing sucrose and some minerals essential for plant life, and even when IAA is added, the segment does not show thickening, unless kinetin is added to the culture medium.
This fact suggests that this region of the stem makes the growth in thickness by the supply * Recently Katsumi reported") a quite similar result with etiolated pea epicotyl segments. of kinetin or kinetin-like substance(s) in situ.
Popp, long ago, reported19) that a plant receiving higher intensity light produced a thicker stem than that receiving lower intensity light. We also have observed2o) in the dark-grown seedling of broad bean, that brief irradiation by low intensity of incandescent light causes a thickening of the stem of the seedlings as well as an expansion of the leaf. These phenomena are well-known as a feature of prevention of etiolation by light.
Kinetin has such biological actions quite similar to light as stimulation of leaf expansion6-8), unbending of the apical hook of dark-grown seedlings6), inhibition of IAA-induced elongation of the stem5), promotion of IAA-induced elongation in Avena coleoptiles21,22), fulfilment, although partial, of nonphotosynthetic light requirement for multiplication of Lemna minor23) , and breaking of seed dormancy6) . In the present study a new action of stimulating the thickening of the stem was added to kinetin as its effects similar to light actions. Although a general occurrence of kinetin in higher plant tissues is thus far not evidenced, it is probable that kinetin or kinetinlike substance(s) plays an important role in the thickening of stems. I wish to express my thanks to Associate Prof. T. Yamaki for his guidance and to Dr. N. Hara for his generous help in making the microscopic preparation.
This experiment was done at the Biological Institute, College of General Education, University of Tokyo.
Summary
The primary thickening of the stem segment of pea (Pisum sativum L. var. Alaska) has been studied from the viewpoint of growth substance and histology.
It has been found that the thickening is induced by the simultaneous administration of IAA and kinetin, but not by either of them given separately, and that the thickening is due to an increase in cell size of the epidermis, cortex and pith, unaccompanied by an increase in cell number.
It is discussed that the thickening of the intact stem is regulated by kinetin or a kinetin-like substance(s) in the plant in co-operation with endogenous auxin.
